Background: The feeding of irradiated food to healthy adult cats results in widespread, noninflammatory demyelination of the central nervous system (CNS); a return to a normal diet results in endogenous remyelination with functional recovery. This recently discovered, reversible disease might provide a compelling clinical neuroimaging model system for the development and testing of myelin-directed MRI methods as well as future remyelination therapies. Purpose: Identify the noninvasive imaging characteristics of this new disease model and determine whether it features measurable changes on conventional and quantitative MRI. Study Type: Pilot study. Animal Model: Ten adult cats at various stages of demyelinating disease induced by an irradiated diet (35-55 kGy), and during recovery following a return to a normal diet. Field Strength/Sequence: Conventional (T 2 -weighted) and quantitative (diffusion tensor, magnetization transfer) at 3T. Assessment: MRI of the brain, optic nerves, and cervical spinal cord; a subset of diseased cats was euthanized for comparative histopathology. Statistical Tests: Descriptive statistics. Results: Disease produced T 2 prolongation, progressing from patchy to diffuse throughout most of the cerebral white matter (eventually involving U-fibers) and spinal cord (primarily dorsal columns, reminiscent of subacute combined degeneration but without evidence of B12 deficiency). Magnetization transfer parameters decreased by 50-53% in cerebral white matter and by 25-30% in optic nerves and spinal cord dorsal columns. Fractional diffusion anisotropy decreased by up to 20% in pyramidal tracts, primarily driven by increased radial diffusivity consistent with axon preservation. Histopathology showed scattered myelin vacuolation of major white matter tracts as well as many thin myelin sheaths consistent with remyelination in the recovery phase, which was detectable on magnetization transfer imaging. Data Conclusion: Feline irradiated diet-induced demyelination features noninvasively imageable and quantifiable demyelination and remyelination of the CNS. It is therefore a compelling clinical neuroimaging model system.
Many studies in animal models of MS and other myelin diseases have yielded noninvasive imaging markers correlated with myelin and/or axonal status but it has been problematic to identify a metric that is specific for one or the other because in many model systems the axonal and myelin content are themselves highly correlated, resulting in many "secondary" correlations [2] [3] [4] ; moreover, the pathological changes that exist (eg, inflammation, de-/re-myelination, axon loss, gliosis) often outnumber the imaging metrics aimed at them, even in multivariate approaches, resulting in a statistically intractable analysis problem. This paradox points to the need for a more reductionist model 5 of relatively "pure" de-/remyelination to effectively calibrate imaging metrics before applying them in more complex systems. One popular example is cuprizone intoxication in the mouse, which is characterized by reversible demyelination [6] [7] [8] [9] [10] [11] ; however, this model is limited, as it produces no clear clinical phenotype and it affects restricted areas of the central nervous system (CNS), such that it cannot be used to study remyelination in critical areas notably affected in MS, such as the optic nerve or spinal cord, where there are potentially important regional differences in axon size. Thus, alternative experimental models are needed in which there is more widespread demyelination and endogenous remyelination. A highly novel and unique example of such a model was recently reported, 12 named FIDID (feline irradiated dietinduced demyelination). Briefly, cats fed an irradiated diet (>30 kGy) develop a late-onset, progressive neurologic disease resulting from severe demyelination of the spinal cord, optic nerves, and to a lesser extent, brain. Return to a normal diet early in the disease leads to functional recovery through extensive CNS remyelination. 12 The purpose of this pilot study was to determine whether the FIDID model would produce measurable changes on magnetic resonance imaging (MRI) using a human scanner and clinically translatable image acquisition protocols. We sought to characterize both conventional (T 2 -weighted) and quantitative (magnetization transfer, diffusion tensor) MRI changes associated with this disease and recovery in order to develop a clinical neuroimaging model system for testing myelin-directed MRI methods and, ultimately, novel remyelination therapies.
Materials and Methods

Experimental Animals
FIDID was induced in 10 cats by feeding them an irradiated diet (35-55 kGy, cobalt source, Steris Isomedix, Libertyville, IL). Cats developed neurologic disease after 5½ to 6 months of eating this diet and were monitored daily for progression of neurologic dysfunction (ataxia, paresis) which was rated as mild ataxia (+), moderate ataxia and paresis (++), severe ataxia and paresis (+++), or severe with urinary incontinence (++++). Further details regarding the clinical course of the disease are provided in an article submitted elsewhere and currently under review (Radcliff et al, unpublished data). Some cats, after they reached the moderate/severe disease stage (++ or ++/+ ++) (6-7 months), were returned to a normal diet and allowed to recover under daily clinical observation. FIDID cats were selected from mild, severe, and partially recovered disease stages for MRI of the brain, optic nerves, and spinal cord followed by perfusion for histopathological analysis, as detailed below. Onset of disease was consistently around 6 months after starting the diet; recovery time on return to a normal diet varied but was at least 4 weeks. The times of sampling of cats for scanning and euthanasia were chosen to represent a spectrum of the MRI changes associated with different stages of the disease.
MRI
Cats were anesthetized using isoflurane and imaged on a 3.0T GE Discovery MR750 clinical scanner (GE Healthcare, Waukesha, WI) using an eight-channel, phased-array, transmit/receive knee coil which was well-sized for the feline head. 
MTI Processing
Standard MTR was calculated in spinal cord and optic nerves along with MTSat in the brain, MTSat being more independent of system parameters and T 1 weighting, and therefore believed to be more myelin-specific than MTR, at the expense of greater scan time. All source datasets were first coregistered using the Functional MRI of the Brain (FMRIB) Software Library (FSL) Image Registration tool (FLIRT) (Oxford, UK). MTR was then calculated as a difference between images acquired without and with MT saturation and normalized by the former. Calculation of MTSat followed the original method described by Helms et al. 14 White matter was segmented using the FSL Automated Segmentation Tool (FAST) in order to derive mean MTSat for whole-brain white matter, which might be sensitive to nonfocal changes not readily apparent by visual inspection.
DTI Processing
DTI images were corrected for eddy-current distortion prior to coregistration and then postprocessed using FSL software to generate maps of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), where AD is the major eigenvalue, RD is the average of the medium and minor eigenvalues, MD is the average of all three eigenvalues, and FA is the normalized variance of all three eigenvalues of the diffusion tensor. Given the technical limitations of DTI, image quality was satisfactory in the brain only. DTI images were subjected to manual region-of-interest (ROI) analysis rather than white matter segmentation because, unlike MTSat, whole-brain white matter DTI measures may be contaminated by well-known partial volume effects at the boundaries between perpendicularly crossing fiber tracts.
Histological Analysis
At termination, cats were euthanized, then immediately perfused through the aorta with 4% paraformaldehyde (PFA) or a modified Karnovksy fixative. The brain and spinal cord were removed and following at least 1 week postfixation, were trimmed for processing for either embedding in paraffin or in epon (spinal cord) for sectioning and staining. Paraffin sections of the brain were stained with hematoxylin and eosin (H&E) or Luxol fast blue. One-micron sections from the spinal cord were stained with toluidine blue (all neuropathological details assessed by I.D.D., who has 30 years' experience as a neuroscientist). All of the materials and methods detailed above were part of an Institutional Animal Care and Use Committee (IACUC)-approved protocol.
Results
Conventional (T 2 -Weighted) MRI
Conventional images were subjectively assessed by A.S.F., who has 20 years experience as a clinical neuroradiologist. Severely affected cats developed a largely diffuse, ill-defined pattern of T 2 prolongation (hyperintensity) throughout most of the cerebral white matter involving both the deep white matter and subcortical arcuate tracts, resulting in diminished or reversed gray-white matter contrast (Fig. 1) . Partial sparing of corpus callosum and internal capsules was noted in all animals (Fig. 1b) . There was generalized brain swelling evidenced by diminished visualization of cortical sulci (Fig. 1b) . At milder stages of disease, the white matter involvement was patchier, with relative sparing of subcortical arcuate fibers and less brain swelling (Fig. 2) . These changes were partially reversible following a return to a normal diet (Fig. 3 ) except in the case of more advanced disease.
In the spinal cord, severely affected cats developed T 2 prolongation primarily involving the dorsal columns, a pattern reminiscent of subacute combined degeneration (SCD) in humans. 16 In the optic nerves, no significant T 2 -weighted signal changes were observed, although spatial imaging resolution was likely insufficient in these very small structures; MTI acquired at higher resolution did reveal changes in the optic nerves, as detailed below.
MTI
Severely affected cats developed a widespread decrease in MTSat throughout most of the cerebral white matter with portions of corpus callosum and internal capsules spared, similar to the observed pattern of T 2 prolongation but generally much more readily visible compared to the T 2 -weighted images (Fig. 4) . These changes were partially reversible following a return to a normal diet but this reversal lagged which may be insufficiently thick for detection by MRI; hence, functional recovery may precede final, MRI-detectable ensheathment.) FAST-segmented whole-brain white matter mean MTSat (Fig. 5) decreased by 50-53% from normal to severe disease. In spinal cord and optic nerves, given the small size of these structures, only MTR was acquired, as higher signalto-noise ratio (SNR) and spatial resolution can be attained within the same imaging time compared to MTSat. MTR decreases of 25-30% were measured in the optic nerves and in the dorsal columns of the spinal cord (Fig. 6a,b) , with lesser reductions (5-10%) in the lateral and ventral columns.
DTI
In contrast to the T 2 -weighted images and MTI in the brain, no significant disease-related changes were immediately apparent on visual inspection of FA maps (Fig. 7) . We speculate that this is because axons, which are the primary determinant of diffusion anisotropy in neural tissue, 18 
Histopathology
Coronal sections of the brain showed scattered myelin vacuolation of the major white matter tracts of variable severity (Fig. 8) . The optic tracts and adjacent cerebral peduncles were the most vacuolated structures. The corpus callosum was also vacuolated but was variable, as the medial aspect of the callosum showed moderate vacuolation while the lateral aspects appeared normal. Notable but scattered vacuolation of the internal capsules and subcortical white matter was seen. The C1-level segment of the cervical spinal cord, which directly corresponded to the MTSat map shown in Fig. 6b , was severely affected-especially the dorsal columns, which showed demyelination and remyelination of the subpial area, but marked axon loss in the core of the dorsal column or fasciculus gracilis (Fig. 6c) . The adjacent white matter to the fasciculus gracilis, ie, fasciculus cuneatus, had many preserved myelinated axons, some of which had thin myelin sheaths (ie, remyelinated); likewise, the base of the dorsal column appeared to be normally myelinated, with only occasional thin myelin sheaths. Despite this severe lesion of the dorsal column, the clinical score of this cat was +/++. Loss of axons in the fasciculus gracilis appears, therefore, not to produce marked ataxia or paresis. 
Discussion
Presented herein are the conventional and quantitative MRI findings in FIDID, a highly novel animal model of noninflammatory demyelination and remyelination with functional recovery resulting from the feeding of irradiated food (>30 kGy) to healthy adult cats. 12 Our specific aim was to determine whether this model would produce measurable MRI changes (and if so, to characterize them) using a human scanner and clinically translatable image acquisition protocols. The overarching goal was to develop a reductionist, clinical neuroimaging model system for testing myelin-directed MRI methods and, ultimately, novel remyelination therapies.
To the extent that it resembles any human disease, the FIDID model bears the most similarity to SCD. Originally described in association with pernicious anemia, but now known to occur with other vitamin B12 deficiency states, 19 SCD is characterized by noninflammatory vacuolation and subsequent degeneration of myelin, primarily in the dorsal columns of the spinal cord, resulting in a clinical syndrome that may include lower extremity paresthesia, ataxia, spastic paraplegia, and incontinence. 19 The FIDID model shares both the clinical and conventional MRI findings of SCD-namely, T 2 -hyperintensity primarily involving dorsal columns-but there The corresponding tissue section of the whole dorsal column (c) shows that its core, which contains fibers predominately from the fasciculus gracilis, is pale compared to the surrounding dorsal, lateral, and ventral parts. Four labeled areas (1-4) are shown in higher power on the bottom. The subpial zone of the fasciculus gracilis (1) contains only thinly remyelinated axons, whereas the core of the FG has very few surviving axons (2). The fasciculus cuneatus contains both remyelinated and normally myelinated axons (3), whereas the deep white matter appears normally myelinated (4).
FIGURE 7: FA maps with directional color encoding (red: leftright; green: dorsal-ventral; blue: rostral-caudal) in a normal cat (a) and a severely affected cat (clinical score + ++) after 27 weeks on an irradiated diet (b). Diffusion anisotropy is largely preserved in the affected cat, presumably reflecting the preservation of axons, which are the primary determinant of anisotropic diffusion in neural tissue. 16 is no biochemical evidence of a B12 deficiency (blood levels of cobalamin, folate, methylmalonic acid, and homocysteine all normal) (Radcliff et al, unpublished data). As examples of relatively "pure" demyelination, both SCD and FIDID offer some advantages as reductionist models for purposes of noninvasive imaging study; however, quantitative imaging in these conditions to date is limited in SCD and lacking in FIDID. Conventional MRI findings in SCD are well known in spinal cord but only sporadically reported in the brain. 20, 21 DTI has revealed brain microstructural changes in SCD that were occult to conventional MRI. 22 As for remyelination, the spinal cord abnormalities observed in SCD can be either reversible with B12 therapy or irreversible. 23 We have found similar variations in FIDID, but the nature and significance of this variability and the point at which the disease becomes irreversible, presumably through axon loss, are poorly understood yet highly relevant (not only to SCD but other demyelinating conditions including MS that may be amenable to remyelination before the conversion to irreversibility occurs). Although conventional T 2 -weighted imaging is notoriously lacking in both sensitivity and specificity, it remains a clinically relevant modality in white matter disease and it did qualitatively reveal the profound, widespread demyelination and vacuolation occurring on the irradiated diet. Regional variations in T 2 -weighted signal intensity (eg, relative sparing of corpus callosum and internal capsule) were confirmed by the histology.
Magnetization transfer (MT) imaging exploits the transfer of proton spin magnetization between "free" and "bound" pools of protons to estimate the quantity of macromolecules in tissue; given the preponderance of macromolecules in membrane proteins and long-chain fatty acids of the myelin sheath, MT metrics including MT ratio (MTR) and MT saturation (MTSat) are widely regarded as "myelin markers," although their specificity is actually rather limited. 3, 24 In a reductionist model such as FIDID, where the tissue changes (at least early in disease course) appear limited to demyelination and are reversible through endogenous remyelination, concerns over specificity are likely mitigated such that MT metrics do essentially function as myelin markers. We observed MTSat reductions on the order of 30% and 50% in the cerebral white matter of cats with mild and severe disease, respectively, and a slight increase reflecting (incomplete) remyelination in a partially recovered cat. In more complex systems, greater sensitivity and specificity are required, potentially achievable through more sophisticated modeling of the MT effect (so-called "quantitative MT" or qMT). [25] [26] [27] For example, in a previous study of the dysmyelinating mutant shaking (sh) pup, the macromolecular proton fraction (MPF) derived from qMT imaging was the strongest indicator distinguishing mutant from wildtype animals and detected the increase in myelination with aging in the sh pup, whereas MTR did not. 15 More recently, MPF closely agreed with histological myelin staining in the cuprizone mouse model. 28 QMT imaging was technically prohibitive in the feline model, but those problems have since been solved and qMT will be employed in future work with this model. DTI exploits the anisotropic diffusion of water molecules in nerve fiber bundles to measure their microstructural integrity. Although anisotropy metrics (most commonly FA) tend to be higher in myelinated than unmyelinated or demyelinated nerve fibers, reflecting the hindrance of diffusion by the multilayered myelin sheath, the primary determinant of anisotropy in fact is not myelin but axonal membranes. 18 Therefore, FA conceivably could serve as either a myelin or axonal marker in applications where only one or the other was expected to change. Such is often not the case, however, and this complexity has motivated a more sophisticated approach to diffusion modeling in tissue. For example, there is evidence that increased radial and decreased axial diffusion (at least to a first approximation) reflect separately demyelination and axonal degeneration, respectively. 29 We observed anisotropy reductions primarily driven by increased radial diffusion, as would be expected for demyelination without loss of axons. In future work with this model we will determine
whether and at what stage axial diffusion can detect the eventual loss of axons during a prolonged disease course. As this was an exploratory pilot study in a small number of cats with significant ethical and cost constraints, we were unable to image and euthanize a sufficient number of animals to enable a rigorously quantitative (ie, statistical) analysis of MR-histopathological correlations. Importantly, however, we have shown for the first time that this highly novel animal model produces quantifiable MRI changes using a human scanner and clinically translatable imaging protocols-a necessary prelude to developing a first-of-its-kind clinical neuroimaging model system for testing myelin-directed MRI methods and, ultimately, novel remyelination therapies. We plan to utilize the FIDID model to study therapeutic strategies that may promote remyelination, including vitamin B12, given the model's striking resemblance to SCD as well as the vitamin B12 deficiency in nonhuman primates. 30 In conclusion, FIDID, a highly novel "reductionist" model for the study of myelin disease and repair, features noninvasively imageable and quantifiable demyelination and remyelination of the CNS. Future work will be devoted to validating and calibrating an optimal set of imaging biomarkers capable of tracking myelin loss and repair in order to guide the development of novel therapies for MS and other white matter diseases.
